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This  manuscript  reports  on  the  manufacturing  and  characterization  of  sodium  carboxymethylcellulose- 
based,  Li-ion  positive  electrodes  with  high  active  material  mass  loadings  using  only  water  as  a  solvent. 
The  effect  of  different  calendering  forces  on  the  aqueous  processed  cathode  electrodes  is  also  reported. 
Finally,  the  performance  of  balanced  full  Li-ion  cells  in  pouch  cell  configuration  is  investigated.  These  Li- 
ion  cells  subjected  to  long-term  cycling  experiment  displayed  an  average  coulombic  efficiency  of  99.96% 
and  retained  a  specific  capacity  of  almost  70%  of  its  initial  capacity  after  2000  cycles. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

From  the  electrochemical  point  of  view  Li-ion  batteries  consist 
of  “active”  and  “inactive”  components  [1].  At  the  electrode  level, 
only  the  cathode  and  anode  active  materials  are  listed  among  the 
“active”  components  whereas  the  binder,  conductive  agent  and 
current  collector,  which  do  not  directly  contribute  to  the  elec¬ 
trochemical  processes  (i.e.,  to  the  specific  capacity  of  the  battery), 
are  summarized  as  “inactive”  components.  Despite  the  attribute 
“inactive”,  these  components  may  have  a  quite  significant  impact 
on  cell  performance  and  can  also  contribute  to  reversible  and 


*  Corresponding  authors. 

E-mail  addresses:  kimguktae@uni-muenster.de  (G.-T.  Kim),  stefano.passerini@ 
uni-muenster.de  (S.  Passerini). 

0378-7753 /$  -  see  front  matter  ©  2013  Elsevier  B.V.  All  rights  reserved. 
http://dx.doi.Org/10.1016/j.jpowsour.2013.10.018 


irreversible  capacities  within  the  cell  [2—4].  In  fact,  the  capacity 
of  an  electrode  is  influenced  by  the  active  material  mass  loading 
(mg  cm-2)  and  density  (mg  cm-3).  These  parameters  are  deter¬ 
mined  by  the  thickness  of  the  coating,  density,  porosity  and  the 
active  material  content  in  the  slurry  [5  .  Especially  the  nature  of 
the  binder  significantly  influences  these  parameters.  This  latter 
component  is  supposed  to  hold  the  electrode’s  active  material 
particles  in  touch  with  each  other  and  the  conductive  additive 
(cohesion)  and  ensure  a  superior  bonding  of  the  composite 
electrode  to  the  current  collector  (adhesion)  [6-8].  Moreover,  the 
binder  needs  to  buffer  the  volume  expansions  which  occur  during 
(de)lithiation  of  the  active  material  particles  [8-10].  For 
being  deployed  in  a  Li-ion  battery,  the  binder  should  be  electro- 
chemically  stable  in  a  wide  voltage  range  extending  from  about 
0  V  to  5  V  vs.  Li/Li+  and  chemically  resistant  to  other  cell  com¬ 
ponents  (electrolyte).  Fulfilling  most  of  these  requirements, 
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polyvinylidene-di-fluoride  (PVdF)  is  nowadays  the  state  of  the  art 
binder  in  commercial  Li-ion  batteries,  especially  for  cathodes 
[11].  Nevertheless  it  exhibits  a  few  serious  drawbacks.  Like  all 
fluorinated  polymers,  its  poor  recyclability  is  problematic  with 
respect  to  the  environment.  Furthermore,  its  use  is  accompanied 
by  the  utilization  of  the  volatile,  expensive  and  highly  toxic  sol¬ 
vent  N-methyl-pyrrolidone  (NMP).  Additionally  with  a  price  of 
around  15-18  EUR  kg-1,  PVdF  is  a  relatively  costly  polymer 
[12,13].  Flence  a  growing  interest  is  focussing  on  the  substitution 
of  PVdF  with  environmentally  benign  binders,  which  are  water 
soluble.  This  would  result  in  significant  process  cost  savings  and 
vast  reduction  of  toxic  material  use,  resulting  in  an  environ¬ 
mentally  more  sustainable  way  of  producing  Li-ion  batteries 
[14,15]. 

There  is  a  growing  spectrum  of  possible  water  soluble  binders 
for  electrode  preparation  comprising  different  kinds  of  binder 
materials,  e.g.  rubbers  [16,17],  gums  [18,19],  and  other  poly¬ 
saccharides  [20,21]  of  which  the  sodium  salt  of  carboxymethyl- 
cellulose  (CMC)  seems  to  be  the  most  promising  candidate 
[12,13,22,23].  CMC  is  cheap  (1-2  EUR  kg-1),  water  soluble,  easy 
disposable  and  has  already  proven  to  be  an  adequate  replacement 
for  PVdF  concerning  the  anode  (graphite)  electrode  [14,24,25]. 

Recent  works  showed  that  CMC  is  also  feasible  as  a  binder  for 
different  cathode  materials  [15,23,26,27].  Nevertheless,  only  few 
results  have  been,  so  far,  reported  on  its  use  in  lithium-ion  battery 
cathodes.  To  close  this  gap  and  further  shorten  the  distance  be¬ 
tween  lab-scale  experiments  and  industrial  production,  this 
manuscript  is  focused  on  demonstrating  a  way  of  manufacturing  a 
CMC-based,  lithium-ion  cells  with  high  cathode  mass  loadings,  i.e., 
close  to  those  used  in  commercial  lithium-ion  batteries.  As  lithium 
nickel-manganese-cobalt  dioxide  (LiNii/3Mni/3Coi/302  or  NMC)  is 
among  the  presently  used  active  cathode  material  [11]  for  com¬ 
mercial  batteries,  we  decided  to  combine  the  NMC  cathode  with  a 
graphite  anode  (SLP  30). 

2.  Experimental 

2.1.  Electrode  processing 

Commercially  available  NMC  (Toda,  average  particle  size: 
d90  =  10  pm)  and  SLP  30  graphite  (Timcal,  average  particle  size: 
dgo  =  32  pm)  were  used  as  delivered.  Sodium  carboxymethyl  cel¬ 
lulose  (CMC,  Dow  Wolff  Cellulosics,  Walocel  CRT  2000  PPA 12)  with  a 
degree  of  substitution  of  1.2  was  used  as  binder,  while  the  con¬ 
ducting  agent  carbon  black  was  C-NERGY  Super  C45  (Timcal,  pri¬ 
mary  average  particle  size:  30  nm).  The  anode  and  cathode 
electrodes  were  prepared  in  the  following  way:  CMC  was  firstly 
dissolved  in  deionized  water  at  room  temperature  by  magnetic 
stirring.  After  complete  solvation  of  CMC  the  solution  was  trans¬ 
ferred  to  a  steel  vessel  and  the  required  amount  of  Super  C45  was 
added.  Further  stirring  was  conducted  with  a  dispersing  system 
(Dispermat  VL,  VMA  GmbFI)  at  medium  stirring  speed  (2000  rpm) 
for  approximately  4  h.  The  required  amount  of  active  material  was 
then  added  into  the  aqueous  mixture  and  the  slurry  was  further 
homogenized  at  20  °C  for  3  h  using  the  Dispermat  dissolver.  In  a 
final  step  the  slurry  was  mixed  at  lower  stirring  speed  (200  rpm) 
under  vacuum  for  10—30  min. 

The  so-obtained  anode  slurry  was  transferred  to  a  pre-pilot 
automated  coating  line  (Hohsen  Corp,  Coating  Machine  FISCM- 
20802i)  and  casted  on  copper  foil  (thickness:  10  pm).  The  coated 
electrode  was  immediately  dried  in  the  heating  zone  (130  °C)  of  the 
coating  machine  in  ambient  air. 

The  obtained  cathode  slurry  was  cast  on  aluminium  foil 
(thickness:  20  pm),  which  was  previously  coated  with  a  carbon 
dispersion  (Timcal,  C-NERGY  Li-Quid  101)  to  prevent  corrosion  of 


the  aluminium  current  collector,  by  using  a  laboratory  scale  blade 
coater  [28].  The  coated  electrode  was  immediately  pre-dried  in  an 
atmospheric  oven  (Binder,  ED-115)  at  80  °C  for  30  min. 

The  dried  anode  and  cathode  electrodes  were  cut  into  stripes  of 
6  cm  width  and  roll-pressed  with  a  calendering  machine  (FIohsen 
Corp,  Roll  Press  Machine  HSRP-2025)  at  different  pressures. 

Viscosity  measurements  of  all  slurries  were  carried  out  at  shear 
rates  of  100  s-1  and  500  s-1  using  a  rheometer  (Thermo  Scientific, 
HAAKE  Viscotester  550). 

The  composition  of  the  dried  cathode  electrode  tape  was 
88  wt.%  NMC,  7  wt.%  Super  C45  and  5  wt.%  CMC  while  that  of  the 
anode  electrode  tape  was  90  wt.%  SLP  30,  5  wt.%  Super  C45  and 
5  wt.%  CMC.  The  average  mass  loadings  of  cathode  and  anode 
electrodes  were  about  7.5  mg  cm-2  and  3.3  mg  cm-2,  respectively. 

2.2.  Cell  assembling 

For  the  half-cell  tests  cathode  and  anode  disc  electrodes  with  an 
area  of  1.13  cm2  were  cut  out  of  the  electrode  tapes.  The  electrode 
discs  were  dried  at  170  °C  under  vacuum  for  12  h. 

The  cathode  half-cells  were  prepared  in  pouch  bag  configura¬ 
tion  with  metallic  lithium  (Rockwood  Lithium,  thickness:  50  pm, 
battery  grade)  as  counter  electrode.  Aluminium  tabs  were  used  to 
connect  the  NMC  electrode,  while  nickel  tabs  were  used  for  the 
lithium  electrode.  A  commercially  available  single  layer  poly¬ 
ethylene  membrane  (Asahi  Kasei,  Hipore  SV718)  was  used  as  sepa¬ 
rator.  All  pouch  bag  half-cells  were  assembled  in  a  dry-room 
(R.H.  <  0.1%)  at  20  °C  ±  1  °C. 

The  anode  half-cells  were  prepared  in  the  three-electrode 
Swagelok  cell  system  with  metallic  lithium  (Rockwood  Lithium,  bat¬ 
tery  grade)  as  counter  and  reference  electrode.  A  glass  fibre  sepa¬ 
rator  (Whatman,  GF/D)  drenched  in  electrolyte  was  used  for  the 
Swagelok  cells,  which  were  assembled  in  an  argon  filled  glove  box 
(MBraun,  Labmaster  DP)  with  oxygen  and  water  contents  lower 
than  1  ppm. 

Lithium-ion  full  cells  were  also  assembled  in  the  pouch  bag 
configuration.  The  cathode  and  anode  electrodes  with  an  active 
area  of,  respectively,  16  cm2  and  19.36  cm2  were  cut  out  of  the 
electrode  tapes  and  dried  at  170  °C  under  vacuum  for  12  h.  Nickel 
(anode)  and  aluminium  (cathode)  tabs  were  used  as  cell  termi¬ 
nals.  Asahi  separator  was  used  in  the  full  cells,  which  were 
assembled  in  the  dry-room  by  piling  up  anode,  separator  and 
cathode.  For  all  the  assembled  cells  the  commercial  electrolyte 
consisting  of  1  mol  L-1  LiPF6  EC:DMC  1:1  w/w  (Merck  AG,  LP  30) 
was  used. 

2.3.  Electrode  characterization 

All  electrochemical  tests  were  performed  with  a  Maccor  Battery 
tester  4300  at  room  temperature  (20  °C  ±  2  °C).  The  cathode  half¬ 
cell  tests  were  carried  out  between  3.0  V  and  4.3  V  vs.  Li/Li+  with  an 
initial  charge/discharge  rate  of  0.1  C  for  3  cycles  followed  by  a 
constant  cycling  at  1  C  rate.  The  cycling  tests  of  all  cathode  elec¬ 
trodes  were  performed  in  galvanostatic  conditions  (CC).  The  anode 
half-cell  tests  were  carried  out  between  0.02  V  and  1.50  V  vs.  Li/Li+ 
with  an  initial  charge/discharge  rate  of  0.1  C  for  6  cycles.  Further 
cycling  was  performed  at  1C  rate  for  20  cycles,  then  increased  to  2  C 
rate  for  additional  20  cycles  and  finally  followed  by  a  constant 
cyclization  at  1  C  rate.  All  anode  tests  were  performed  as  galva¬ 
nostatic  and  potentiostatic  measurements  (CCCV).  The  full-cell 
measurements  were  also  carried  out  with  CCCV  tests  in  a  voltage 
range  between  2.75  V  and  4.20  V. 

Scanning  electron  microscopy  (SEM)  imaging  of  the  different 
pressed  electrodes  was  performed  using  a  Zeiss  EVO  MA  10 
microscope. 
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2.4.  Binding  agent  characterization 

2.4 A.  Thermal  gravimetric  analysis  (TGA) 

Thermogravimetric  measurements  of  the  pure  CMC  powder 
were  performed  with  a  Q5000  IR  TGA  instrument  (TA  Instruments). 
Platinum  pans  filled  with  15—25  mg  of  sample  were  heated  from 
room  temperature  to  1000  °C  with  a  heating  rate  of  10  °C  min-1, 
using  nitrogen  (25  mL  min-1)  or  oxygen  (25  mL  min-1)  as  purge 
gas. 

2.4.2.  Cyclic  Voltammetry  (CV) 

Cyclic  Voltammetry  (CV)  investigations  of  the  pure  CMC  binder 
were  carried  out  using  a  VMP3  (BioLogic).  Therefore  the  CMC  was 
dissolved  in  deionized  water,  casted  on  aluminium  or  copper  foils 
with  a  lab  scale  blade  coater  and  immediately  pre-dried  in  an  at¬ 
mospheric  oven  at  80  °C  for  30  min.  Electrodes  with  an  area  of 
1.13  cm2  were  cut  out  of  the  CMC-coated  metal  foils  and  dried  at 
140  °C  under  vacuum  for  12  h.  The  CV  measurements  were  per¬ 
formed  in  Swagelok  cells  with  the  same  set-up  as  the  previously 
described  anode  half-cells  (see  2.2).  The  tests  were  carried  out  at  a 
scan  rate  of  0.5  mV  s-1  and  a  scan  range  for  the  CMC-coated 
aluminium  and  copper  foil  of,  respectively,  1.5  V— 5  V  and  0.02  V— 
2.50  V. 

3.  Results  and  discussion 

3.1.  Binder  stability 

The  performance  of  a  Li-ion  battery  is  strongly  affected  by  the 
electrochemical  and  thermal  stabilities  of  the  CMC  binder  used  to 
make  the  composite  electrodes.  To  verify  the  binder  thermal  sta¬ 
bility  TGA  measurements  in  oxygen  and  nitrogen  were  performed 
on  CMC  powder.  The  thermogravimetric  measurements  of  CMC 
binder  in  oxygen  as  well  as  nitrogen  atmosphere  are  shown  in 
Fig.  la  and  b.  As  displayed  in  Fig.  la  CMC  binder  is  thermally  stable 
in  oxygen  atmosphere  up  to  200  °C.  At  temperatures  above  200  °C 
the  material  shows  a  sharp  decrease  in  weight  due  to  the  thermal 
decomposition  of  the  carboxy  groups  and,  finally,  the  glucopyr- 
anose  units  that  make  up  the  cellulose  backbone.  Above  260  °C 
approximately  20  wt%  residue  is  left  most  likely  due  to  the  for¬ 
mation  of  sodium  containing  ashes.  Fig.  lb  illustrates  the  thermal 
stability  of  pure  CMC  powder  in  the  nitrogen  atmosphere.  It  is 
evident  that  CMC  binder  is  also  stable  up  to  200  °C  in  inert  gas. 
Above  230  °C  the  CMC  starts  to  decompose  in  several  stages  until  at 
approximately  800  °C  once  more  the  stable  sodium  residues  are 
obtained  [29,30  .  Summarizing  these  data,  it  can  be  concluded  that 
the  CMC  binder  is  not  affected  by  thermal  treatments  below  200  °C 
in  air,  thus  confirming  that  the  electrodes  can  be  pre-dried  in  air  at 
130  °C  and,  finally,  under  vacuum  at  170  °C  (see  section  2.2  for  the 
electrode  drying  procedure). 

Apart  from  the  thermal  stability  during  the  electrode  process¬ 
ing,  the  electrochemical  stability  of  CMC  binder  during  charge/ 
discharge  process  is  also  of  major  importance.  Fig.  2a  and  c  show 
the  results  of  the  characterization  performed  on  bare  and  CMC 
coated  (approx,  coating  thickness:  1  pm)  copper  (Fig.  2a  and  b)  and 
aluminium  foils  (Fig.  2c  and  d). 

To  investigate  the  electrochemical  cathodic  stability  of  the  CMC 
binder,  cyclic  voltammetry  measurements  on  bare  and  CMC  coated 
copper  foils  (some  selected  cycles  are  reported  in  Fig.  2a  and  b, 
respectively)  were  performed  in  the  potential  range  extending 
from  0.2  V  to  3.0  V  vs.  Li/Li+.  The  results  of  the  CV  measurements 
reveal  no  evidence  of  any  peak  related  to  increased  current  flows 
due  to  the  CMC  binder  decomposition.  Actually,  the  CMC  coating  is 
seen  to  reduce  the  cathodic  current  flowing  in  the  first  sweep. 
Hence  the  CMC  binder  is  electrochemically  stable  in-between  the 


Fig.  1.  TGA  weight  loss  profile  of  CMC  powder  in  oxygen  (a)  and  nitrogen  (b) 
atmospheres. 

potentials  occurring  at  the  anode.  The  peaks  appearing  during  the 
first  cycle  of  the  CV  measurement  may  be  attributed  to  oxygen  at 
1.7  V  and  water  contamination  at  1.1  V.  At  lower  potentials  (0.02  V— 
1.00  V)  reduction  peaks  of  solvent  components  as  well  as  salt  an¬ 
ions  appeared.  The  major  peak  at  about  0.6  V,  however,  is  associ¬ 
ated  to  the  insertion  of  lithium  in  the  native  copper  oxide  layer 
[31,32]. 

Fig.  2c  displays  the  CV  measurement  of  aluminium  foil.  Upon 
cycling  the  current  response  show  the  expected  decrease  at  high 
potential  (above  4  V  vs.  Li/Li+).  This  stems  from  the  growth  of  an 
insulating  passivation  layer  consisting  mostly  of  aluminium  fluo¬ 
ride  (AIF3)  on  the  aluminium  foil  due  to  electrolyte  decomposition, 
which  is  protecting  aluminium  from  anodic  corrosion  [33,34].  This 
effect  is  less  pronounced  for  the  CMC-coated  aluminium  foil 
(Fig.  2d).  Considering  the  narrow  current  range  (between  7  pA 
and  -7  pA)  shown  in  Fig.  2c  and  d  as  well  as  the  smooth  curve 
shapes,  the  CMC  binder  proofs  also  to  be  stable  at  the  potentials 
occurring  at  the  cathode  electrode. 

3.2.  Anode  electrodes 

Controlling  the  slurry  viscosity  is  an  important  factor  which 
significantly  influences  the  processing  and,  even,  the  electro¬ 
chemical  properties  of  the  electrodes  [19,24,35].  Especially  when 
increasing  the  total  amount  of  processed  slurry,  changing  the 
mixing  procedure  from  lab-scale  magnetic  stirring  to  a  pre-pilot 
dissolver  (Dispermat),  and  utilizing  a  pre-pilot  automated  coating 
line  for  the  coating  process,  monitoring  the  viscosity  is 
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Fig.  2.  Selected  cyclic  voltammograms  (1st,  2nd,  3rd,  5th,  10th  cycle)  of  cells  with  (a)  pure  Cu  foil,  (b)  CMC  coated  Cu  foil,  (c)  pure  Al  foil  and  (d)  CMC  coated  Al  foil  working 
electrodes.  Counter  and  reference  electrodes:  Li. 


indispensable  to  ensure  consistent  electrode  properties.  The  anode 
slurry  composition  showed  a  dynamic  viscosity  of  2.82  Pa  s  at  a 
shear  rate  of  100  s-1  and  1.03  Pa  s  at  a  shear  rate  of  500  s-1  before 
the  coating  process.  Since  the  measured  viscosity  of  the  electrode 
dispersion  originates  primarily  from  the  CMC  solution,  the  viscosity 
measurement  exhibits  an  expected  shear-thinning  rheological 
behaviour.  Preinvestigations  (data  not  shown  here)  revealed  that 
also  anode  slurries  with  a  two  times  lower  viscosity  showed  a  good 
processability.  Hence,  there  seems  to  be  a  broad  viscosity  range  for 
processing  the  anode  slurry  on  the  pre-pilot  automated  coating 
line.  To  investigate  the  cycling  performance  of  anode  half-cells 
upon  pressure,  the  manufactured  anode  electrodes  were  roll- 
pressed  at  different  line  force  loads  (kg  cm-1)  [36].  However, 
since  graphite  materials  are  sensitive  to  high  calendering  forces, 
the  electrodes  were  subjected  only  to  moderate  compression  (up  to 
7  kg  cm-1).  Table  1  reports  the  electrode  density  of  the  compressed 
electrodes  as  well  as  their  thickness  reduction  (in  %  of  the  original 
thickness). 

To  verify  the  effect  of  electrode  calendering,  which  might 
endanger  the  electrode  breaking  the  soft  graphite  particles  and 
thereby  close  the  electrode  pores,  SEM  characterization  was  per¬ 
formed.  In  Fig.  3  are  compared  the  SEM  images  of  un-pressed 
(Fig.  3a),  mildly  pressed  (3  kg  cm-1,  Fig.  3b),  and  heavily  pressed 
(>5  kg  cm-1,  Fig.  3c)  electrodes.  As  shown  by  the  SEM  images  no 
significant  differences  are  visible  between  the  un-pressed  and  the 
mildly  pressed  electrodes.  Both  electrodes  exhibit  a  homogenous 
distribution  of  active  material  particles  and  the  pores  are  evenly 


Table  1 

Density  and  thickness  reduction  of  anode  electrodes  calendered  at  different 
pressures. 


Calendering 
force  (kg  cm-1) 

Electrode 
density  (g  cm-3) 

Thickness 
reduction  (%) 

0 

0.77 

0 

3 

0.84 

4 

5 

0.93 

11 

7 

0.99 

18 

spread  throughout  the  electrode  surface.  However,  the  heavily 
pressed  electrode  (Fig.  3c)  shows  a  very  flat  surface  with  most  of 
the  porosity  occluded. 

Fig.  4a  displays  the  cycling  performance  of  differently  pressed 
anodes  (in  half-cell  configuration)  at  current  densities  corre¬ 
sponding  to  1  C  and  2  C  rate  using  the  CCCV  testing  mode.  The  test 
cells  were  pre-activated  with  6  cycles  at  0.1  C  rate  and  for  9  cycles  at 
a  1  C  rate  to  favour  the  formation  of  a  stable  SEI  at  the  interface. 

During  the  first  10  cycles  at  1  C  rate  the  delivered  capacity  of  all 
half-cells  continuously  increased  upon  cycling.  This  can  be  attrib¬ 
uted  to  a  still  not  optimized  electrolyte  wetting  of  the  electrode  at 
initial  cycling  and  is  maximized  in  the  heavily  pressed  electrode 
[12].  However,  it  becomes  apparent  that  the  cycling  of  the  un- 
pressed  electrode  performs  as  well  as  that  of  the  mildly  pressed 
(3.0  kg  cm-1)  electrode.  The  heavily  pressed  electrodes 
(5.0  kg  cm-1  and  7.0  kg  cm-1),  however,  showed  a  somewhat  less 
stable  cycling  performance  with  increasing  current  density  to  2  C 
and  a  slightly  higher  capacity  fading  after  the  50th  cycle.  Never¬ 
theless,  after  the  15th  cycle  the  specific  capacity  varied  between 
371  mAh  g-1  and  376  mAh  g-1  for  all  of  the  half-cells.  Considering 
the  theoretical  specific  capacity  of  SLP  30  to  be  372  mAh  g-1,  these 
results  are  quite  satisfying.  The  capacity  exceeding  the  theoretical 
value  obviously  originates  from  the  added  carbonaceous  conduc¬ 
tive  agent  Super  C45  [37,38]. 

Fig.  4b  illustrates  the  voltage  profile  of  the  3  kg  cm-1  pressed 
electrode.  At  the  5th  cycle  at  a  current  density  corresponding  to 
0.1  C  rate,  the  well-known  stages  for  lithium-ion  intercalation  in 
graphite  are  apparent  [39,40].  When  increasing  the  C-rate  the 
intercalation  stages  are  continuously  shifted  towards  lower  po¬ 
tentials  vs.  Li/Li+.  Remarkably  the  curves  of  the  25th  cycle  (before 
2  C  rate)  and  the  65th  cycle  (after  2  C  rate)  are  practically  over¬ 
lapping.  The  analysis  of  the  depicted  voltage  profiles  supports  the 
results  of  the  morphological  investigations  and  the  cycling  exper¬ 
iments.  On  the  one  hand,  the  electrochemical  behaviour  is  not 
negatively  influenced  by  mildly  pressing  the  anode  electrodes.  On 
the  other  hand,  highly  reversible  cycling  and  an  excellent  capacity 
retention,  even  when  increasing  to  2  C  rate  for  twenty  cycles,  is 
achieved  as  confirmed  by  the  reproducibility  of  the  voltage  profiles. 
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Fig.  3.  SEM  images  of  (a)  as  coated  and  (b  and  c)  calendered  at  3  kg  cm  1  and  >5  kg  cm  1  SLP  30  anode  electrodes. 


Fig.  4.  Cycling  performance  (a)  of  SLP  30  anode  electrodes  pressed  with  different  line 
force  loads  and  selected  voltage  profiles  (b)  of  the  calendered  (line  force  load: 
3  kg  cm-1)  anode  electrode.  Counter  and  reference  electrodes:  Li. 


Overall,  considering  that  the  3  kg  cm-1  pressed  electrode  shows 
very  stable  cycling  behaviour,  comparable  with  that  of  un-pressed 
electrodes,  as  well  as  a  more  homogenous  growing  of  the  solid 
electrolyte  interface  on  a  flattened  electrode  surface  (and  therefore 
a  beneficial  effect  on  the  cycling  behaviour  in  a  full  cell).  Hence,  the 
mildly  calendered  electrode  was  selected  to  prepare  the  lithium- 
ion  batteries  [41  ]. 

3.3.  Cathode  electrode 

In  contrast  to  the  described  anode  electrode,  the  aqueous  pro¬ 
cessing  of  the  cathode  material  is  facing  an  additional  challenge:  as 
soon  as  the  NMC  material  gets  into  contact  with  water  the  pH  of  the 
suspension  rises  up  to  approximately  11  [42].  Since  aluminium, 
which  is  standardly  used  as  current  collector  for  the  cathode 
electrode,  is  chemically  not  stable  at  this  high  pH  value,  coating  of 
the  aqueous  NMC  slurry  results  in  a  serious  aluminium  corrosion 
[28].  The  substrate  degradation  is  obviously  enhanced  by  the 
application  of  thick  coatings  (here  the  wet  coating  thickness  was 
220  pm)  to  achieve  high  electrode  mass  loading,  which  results  in  a 
large  volume  of  the  corrosive  fluid  on  the  aluminium  foil.  The  SEM 
images  in  Fig.  5a  and  b  show  the  appearance  of  an  aluminium  foil 
previously  coated  with  the  aqueous  NMC  slurry,  which  was  dried  in 
an  atmospheric  oven  at  80  °C  (the  NMC  coating  was  removed  prior 
to  SEM  characterization).  Consistently  with  the  results  from  Ishii 
et  al.  [42]  and  Doberdo  et  al.  [28],  the  entire  surface  of  the 
aluminium  foil  is  covered  with  corrosion  products  (Fig.  5a).  Some 
distinct  corrosion  pits  (Fig.  5b)  perforating  the  aluminium  foil  were 
also  observed. 

To  avoid  the  corrosion  issue  and,  as  a  consequence,  the  capacity 
losses  due  to  formation  of  insulating  corrosion  products  and 
damages  to  the  aluminium  current  collector  28],  two  ways  of 
corrosion  prevention  seem  to  be  viable:  First,  the  addition  of  a  mild 
acid  to  the  slurry  prior  to  the  coating  step  which  results  in  a  lower 
pH  value  and  therefore  prevent  the  aluminium  foil  from  being 
corroded.  Kim  et  al.  reported  that  formic  acid  was  used  to  hinder 
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Fig.  5.  SEM  images  of  the  (a)  corroded  Al  foil  surface  and  (b)  of  an  individual  pitting  corrosion  hole. 


Table  2 

Concentration  of  extracted  transition  metal  ions  from  2.64  g  NMC  in  7  mL  distilled 
H20  at  different  amounts  of  formic  acid. 


Concentration  of  extracted  ions  (mg  mL  T)  Amount  of  formic  acid  (mg) 


0 

45 

100 

180 

380 

Cobalt 

0 

0.43 

1.20 

1.90 

4.28 

Nickel 

0 

0.43 

1.18 

1.85 

4.10 

Manganese 

0 

0.48 

1.53 

2.03 

2.13 

aluminium  corrosion  during  the  manufacturing  of  aqueous  pro¬ 
cessed  LUTisO^  anode  electrodes  [12].  Second,  a  thin  carbon  layer 
can  be  coated  on  top  of  the  aluminium  foil  which  protects  the  Al  foil 
from  the  corrosive  aqueous  medium  [28]. 

Adding  formic  acid  to  slurries  comprising  NMC  as  the  active 
material  involves  the  danger  of  active  material  damaging  due  to 
leaching  of  transition  metal  ions.  Table  2  reports  the  metal  con¬ 
centration  obtained  by  ICP  analysis  of  a  formic  acid-water  solution 
in  contact  with  NMC.  Thus,  the  second  approach,  apply  a  carbon 
coating  layer  to  protect  the  aluminium  foil  (see:  2.1)  was  selected. 
Since  the  pre-coating  of  such  a  layer  was  technically  difficult  to 


prepare  at  the  used  pre-pilot  automated  coating  line,  the  coating 
process  was  carried  out  at  a  lab-scale  blade  coater. 

In  order  to  achieve  high  mass  loadings  of  the  cathode  electrode 
the  viscosity  of  the  cathode  slurry  has  to  be  controlled  very  care¬ 
fully.  The  need  for  sufficiently  high  cathode  mass  loadings  arises 
from  the  need  of  properly  balancing  the  electrode  capacity  in  the 
full  cells  (described  later).  Because  the  specific  theoretical  capacity 
of  the  anode  active  material  (372  mAh  g-1)  exceeds  the  specific 
theoretical  capacity  of  the  cathode  active  material  (161  mAh  g_1)  by 
a  factor  of  nearly  two,  a  cathode  with  a  high  active  material  mass 
loading  is  needed  for  a  proper  balancing.  To  achieve  high  mass 
loadings  of  the  cathode  electrodes,  an  electrode  slurry  composition 
with  a  dynamic  viscosity  of  2.31  Pa  s  at  a  shear  rate  of  100  s'1  and 
0.98  Pa  s  at  a  shear  rate  of  500  s-1  was  prepared.  Naturally  the 
cathode  electrode  slurry  exhibited  the  same  shear-thinning  rheo¬ 
logical  behaviour  as  the  anode  electrode  one.  Adjusting  the  vis¬ 
cosity  to  lower  values  resulted  in  insufficient  mass  loadings  of  the 
cathode  electrode.  Adjusting  the  viscosity  to  higher  values  led  to  an 
inhomogeneous  mixing  of  the  electrode  components.  Apparently, 
changes  in  viscosity  seem  to  have  a  significantly  larger  influence  on 
the  processability  of  the  cathode  slurry  compared  to  the  anode  one. 


Fig.  6.  SEM  images  of  the  (a)  as  coated  and  calendered  NMC  cathode  electrodes  at  line  force  loads  of  (b)  17  kg  cm  \  (c)  47  kg  cm  1  and  (d)  70  kg  cm  \ 
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Table  3 

Density  and  thickness  reduction  of  cathode  electrodes  calendered  at  different 
pressures. 


Calendering  force 
(kg  cm-1) 

Electrode  density 
(g  cm-3) 

Thickness 
reduction  (%) 

0 

1.49 

0 

17 

1.57 

13 

40 

1.66 

18 

70 

1.88 

28 

Hence  we  operate  in  a  very  narrow  viscosity  range  when  increasing 
the  active  material  mass  loading  of  the  cathode  electrodes. 

In  order  to  investigate  the  influence  of  different  calendering 
forces,  the  cathode  electrode  tapes  were  compressed  at  17  kg  cm'1, 
47  kg  cm-1  and  70  kg  cm'1.  In  Fig.  6  the  SEM  images  of  these 
electrodes  after  roll-pressing  and  drying  are  depicted.  In  general  all 
the  electrodes  show  a  homogenous  distribution  of  active  material 
particles.  The  SEM  image  of  the  un-pressed  electrode  (Fig.  6a) 
shows  very  clearly  the  formation  of  extensive  cracks  throughout 
the  electrode  surface  due  to  the  large  shrinkage  of  the  CMC  binder 
during  the  drying  procedure.  This  is  clearly  due  to  the  high  average 
mass  loading  (about  7.5  mg  cm-2)  and  the  limited  capability  of  our 
lab-scale  equipment  to  properly  mix  and  coat  slurries  with  higher 
viscosity.  Interestingly,  however,  the  fissures  diminish  in  size  with 
increasing  calendering  force  as  can  be  seen  in  Fig.  6b-d.  A  closer 
examination  of  the  most  compressed  electrode  (Fig.  6d)  evidence 
that  all  cracks  have  been  closed  in  consequence  of  the  applied  force. 
Moreover  the  electrode  surface  pressed  by  70  kg  cm-1  is  well 
flattened  in  comparison  to  the  un-pressed  electrode  (Fig.  6a). 
Summarizing,  strong  calendering  has  a  considerably  beneficial  ef¬ 
fect  on  the  morphology  of  high  mass  loading  CMC-based  NMC 
cathodes.  Table  3  reports  the  electrode  density  of  the  compressed 
electrodes  as  well  as  their  thickness  reduction  (in  %  of  the  original 
thickness). 

With  the  purpose  of  investigating  the  effect  of  calendering  on 
the  electrochemical  behaviour  of  NMC  cathodes  cycling  tests  were 
performed  on  electrodes  pressed  at  different  line  force  loads.  The 
results  are  illustrated  in  Fig.  7a  showing  the  cycling  performance  at 

1  C  rate  for  these  electrodes.  For  all  the  tested  samples  the  specific 
discharge  capacity  drops,  as  expected,  to  values  between 
130  mAh  g-1  and  135  mAh  g-1  after  the  initial  3  formation  cycles  at 
0.1  C  rate,  during  which  capacities  higher  than  150  mAh  g1  were 
detected.  Upon  cycling  at  1  C  rate  the  un-pressed  electrodes  show  a 
significantly  higher  capacity  fading  over  the  illustrated  70  cycles 
than  the  pressed  electrodes.  The  differences  in  specific  discharge 
capacity  of  the  pressed  electrodes  are  usually  ranging  around  1— 

2  mAh  g-1.  It  can,  therefore,  be  considered  that  the  compression 
step  is  needed  to  improve  the  long-term  cyclability,  however, 
independently  from  the  line  force  load  applied  during  the 
compression  step  all  electrodes  show  the  same  behaviour  upon 
cycling.  Nevertheless,  the  electrode  compressed  at  70  kg  cm-1 
certainly  showed  the  flatter  surface  and,  for  such  a  reason,  is 
preferable. 

According  to  the  presented  charge/discharge  results,  Fig.  7b  il¬ 
lustrates  a  few,  selected  voltage  profiles  of  the  70  kg  cm-1  pressed 
electrode.  The  sloping  Li-insertion  plateau  typically  observed  for 
NMC  [43],  is  observed  between  the  cut-off  potentials  of  3.0  V  and 
4.3  V.  Focussing  on  the  curves  recorded  at  a  discharge  rate  of  1  C,  a 
very  limited  decrease  of  delivered  capacity  is  noticed,  corre¬ 
sponding  to  a  total  capacity  fading  of  approximately  5.2%  between 
the  4th  and  the  70th  cycle. 

Considering  their  promising  cycling  performance  and  superior 
morphological  appearance,  the  electrodes  pressed  at  70  kg  cm-1 
were  selected  for  the  realization  of  the  lithium-ion  cells. 


Fig.  7.  Cycling  performance  (a)  of  cathode  electrodes  calendered  at  different  pressures 
and  selected  voltage  profiles  (b)  of  the  calendered  cathode  electrode  (line  force  load: 
70  kg  cm-1).  Counter  and  reference  electrodes:  Li. 


Fig.  8.  Specific  capacity  and  efficiency  (a)  and  selected  voltage  profiles  (b)  of  a  full  Li- 
ion  cell  comprising  a  high  mass  loading  NMC  cathode  electrode  (7.64  mg  cm-2, 
calendered  at  70  kg  cm-1)  and  a  SLP  30  anode  electrode  (3.14  mg  cm-2,  calendered  at 
3  kg  cm-1). 
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3.4.  Li-ion  cell 

The  full  cell  electrodes  were  balanced,  using  their  practical  ca¬ 
pacities  at  0.1  C  rate,  to  a  cathode/anode  capacity  ratio  ranging  from 
1  to  1.24  to  1  to  1.34.  Fig.  8a  displays  the  cycling  performance  of  a 
lithium-ion  cell  with  the  cathode  mass  loading  of  7.64  mg  cm-2. 
After  the  first  1000  cycles  at  1  C  rate,  the  completely  CMC-based, 
high  mass  loading  cell  still  reached  a  specific  capacity  of 
104.3  mAh  g^-NMC,  which  corresponds  to  a  remarkable  capacity 
retention  of  almost  84%  and,  therefore,  an  average  coulombic  effi¬ 
ciency  higher  than  99.95%.  In  the  course  of  the  second  1000  cycles 
at  a  1  C  rate,  the  full-cell  reached  the  end  of  life  criteria  for  usage  in 
automotive  applications  [10,44]  (delivered  capacity  lower  than  80% 
of  the  initial  capacity)  after  1293  cycles.  Nevertheless,  a  specific 
capacity  of  85.38  mAh  g-1-NMC  was  still  delivered  after  2000  cy¬ 
cles,  which  corresponds  to  a  capacity  retention  of  almost  70%.  In 
Fig.  8b  are  depicted  a  few,  selected  voltage  profiles  of  the  lithium- 
ion  cell  at  a  current  density  corresponding  to  1C.  The  slightly 
increasing  polarization  of  the  electrodes  and  the  moderate  short¬ 
ening  of  the  sloping  Li-insertion  (into  NMC)  plateau  upon  cycling 
result  in  the  very  modest  capacity  fading  of  the  cell,  particularly  in- 
between  the  1000th  and  2000th  cycle.  Nonetheless,  the  full 
lithium-ion  cell  reached  coulombic  efficiencies  during  the  overall 
2000  cycles  of  99.96%.  Certainly  these  values  are  quite  exceptional 
for  an  entirely  aqueous  processed  Li-ion  battery  on  a  lab-scale  level. 

4.  Conclusion 

It  has  been  proven  that  CMC  binder  is  thermally  stable  up  to 
200  °C  and  exhibits  an  excellent  electrochemical  stability  in  the 
potential  range  from  0.02  V  to  5.00  V.  CMC  was  shown  as  a  viable 
aqueous  binder  to  realize  NMC-  as  well  as  graphite-based  elec¬ 
trodes  with  capacity  loading  around  10  mAh  cm-2.  The  aluminium 
corrosion  occurring  upon  the  cathode  slurry  coating  was  avoided 
by  the  use  of  a  thin  carbon  layer.  The  effect  of  compressing  such 
CMC-based  cathode  (NMC)  and  anode  (SLP  30)  electrodes  was 
investigated.  Compression  of  the  anode  electrodes  did  not  show 
any  substantial  improvement  in  cycling  performance,  but  strongly 
improved  the  surface  flatness.  However,  high  calendering  forces 
seem  to  adversely  affect  the  cycling  stability.  Nevertheless,  the 
thickness  of  anode  electrode  pressed  by  3.0  kg  cm-1  was  reduced 
from  57  pm  to  53  pm  and  no  influence  on  cyclic  performance  could 
be  observed.  On  the  contrary  compressing  the  cathode  electrodes 
proved  to  have  a  clearly  beneficial  effect  on  the  cycling  perfor¬ 
mance.  This  was  especially  true  when  considering  the  impact  of 
calendering  to  the  surface  morphology  of  these  electrodes. 

All  these  factors  led  to  a  superior  cycling  performance  (average 
efficiencies  for  2000  cycles  of  99.96%;  capacity  retention  after  1000 
cycles:  almost  84%;  capacity  retention  after  2000  cycles:  almost 
70%)  of  completely  CMC-based,  Li-ion  cells  with  high  cathode  mass 
loading  which  has,  to  the  best  of  our  knowledge,  never  been  shown 
before  for  aqueous  processed  NMC/graphite  full-cells. 
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